Background: Older surgical patients are at high risk of developing postoperative delirium. Non-pharmacological strategies are recommended for delirium prevention, but no pharmacological agents have compelling evidence to decrease the incidence of delirium. The purpose of this study was to assess whether perioperative melatonin decreases the incidence of delirium in older adults undergoing surgical procedures. Methods: A systematic search using PubMed/Medline, Embase, PsycINFO, CINAHL, and references of identified articles published in English between January 1990 and October 2017 was performed. Two independent reviewers screened titles and abstracts, and then extracted data following a full-text review of included articles with consensus generation and bias assessment. Studies reporting outcomes for melatonin or ramelteon use to prevent delirium in postoperative hospitalized patients (mean age ≥ 50 years) were eligible for inclusion. Data were pooled using a fixed-effects model to generate a forest plot and obtain a summary odds ratio for the outcome of interest (delirium incidence). Cochran's Q and I 2 values were used to investigate heterogeneity. Results: Of 335 records screened, 6 studies were selected for the qualitative analysis and 6 were included in the meta-analysis (n = 1155). The mean age of patients in included studies ranged from 59 to 84 years. Patients in intervention groups typically received melatonin or ramelteon at daily doses of two to eight milligrams around cardiothoracic, orthopedic, or hepatic surgeries for one to nine days, starting on the evening before or the day of surgery. The incidence of delirium ranged from 0 to 30% in the intervention groups versus 4-33% in the comparator groups, and was significantly reduced in the melatonin group, with a summary effect of the metaanalysis yielding an odds ratio of 0.63 (95% CI 0.46 to 0.87; 0.006; I 2 = 72.1%). A one study removed analysis reduced overall odds ratio to 0.310 (95% CI 0.19 to 0.50), while reducing heterogeneity (Cochran's Q = 0.798, I 2 = 0.000). Conclusion: Perioperative melatonin reduced the incidence of delirium in older adults in the included studies. While optimal dosing remains an unanswered question, the potential benefit of melatonin and melatonin receptor agonists may make them a reasonable option to use for delirium prevention in older adults undergoing surgical procedures.
Background
Delirium is characterized by an acute disturbance in attention with an altered level of consciousness or disorganized thinking that is not better explained by a pre-existing neurocognitive or medical condition, substance intoxication or withdrawal, or medication side effect [1] . Patients who develop delirium in the hospital are at a significantly greater risk of other negative outcomes, including the development of dementia, institutionalization, and one-year mortality [2] [3] [4] . One study in post-operative cardiac patients suggested that reduced cognition as a result of postoperative delirium had still not fully recovered, even a year following surgery [5] .
While the incidence of delirium in the hospitalized, general medicine population is estimated to be 11-14%, older adults and post-surgical patients are at much greater risk, with an estimated incidence of 20-29% in geriatric medicine patients and 11-51% in surgical patients. Additionally, approximately 56% of hospitalized patients with a history of dementia will develop delirium [6] .
Melatonin is a natural hormone produced by the pineal gland in the brain, and is known to be involved in sleep-wake cycle regulation. It has been studied for a variety of uses, including but not limited to insomnia [7] [8] [9] , jet lag [10] [11] [12] , circadian rhythm disorders in the blind [13] [14] [15] , shift work [16] [17] [18] , and more recently delirium prevention [19, 20] . Recent studies suggest that preoperative cerebrospinal fluid melatonin concentrations may be correlated with delirium risk following hip fracture surgery [21] , and that melatonin secretion rapidly declines with age [22] .
There is a growing interest in the use of melatonin for the prevention of delirium in hospitalized patients. Hatta and colleagues examined the effect of ramelteon, a selective type 1 and type 2 melatonin receptor agonist, in older adults (aged 65 to 89) on incidence of delirium in hospitalized patients on general medicine and intensive care units. Patients were randomized to receive ramelteon 8 mg (n = 34) or placebo (n = 33) nightly for 7 days and screened for delirium daily. There was a significantly lower incidence of delirium in the ramelteon group, suggesting that ramelteon may be protective against delirium in hospitalized older patients [19] . Additionally, a 2011 randomized placebo-controlled trial examining the effect melatonin 0.5 mg (n = 72) or placebo (n = 73) nightly for 14 days or until discharge on incidence of delirium in hospitalized patients aged 65 years or older suggested that patients receiving preventative melatonin experienced a lower risk of delirium (12.0% versus 31.0%, p = 0.014) [20] . However, these studies did not include surgical patients.
Given that limited pharmacological interventions are available to prevent post-operative delirium at this time [23, 24] , the role of melatonin is worthy of investivation. The purpose of this systematic review and meta-analysis was to assess whether perioperative melatonin administration has an effect on the incidence of delirium in older adults undergoing surgical procedures.
Methods

Search strategy
An experienced health sciences librarian developed a comprehensive search strategy with clinical input from the lead authors. An electronic search was systematically conducted in four bibliographic databases: PubMed/ Medline (NLM); Embase (Elsevier); PsycINFO (Ebsco); and CINAHL (Ebsco) in November 2017. In addition, the reference lists of obtained articles and relevant systematic reviews were screened, and searches in pertinent websites were conducted to identify further studies that reported melatonin use perioperatively in hospitalized adults from January 1990 to October 2017. This timeframe was selected to coincide with the development of the Beers Criteria, which was initially published in 1991 and categorized potentially inappropriate medications for older adults, including agents that may cause or exacerbate delirium [25] . A combination of controlled vocabulary and keywords were used to search the databases. To identify delirium, terms such as emergence delirium, perioperative delirium, postoperative delirium, organic brain syndrome, and acute confusion were used; while synonymous terms for melatonin such as ramelteon, melatonin receptor agonist, etc. were used to make the search as comprehensive as possible. The search strategy for NLM, which was used to develop search strategies for subsequent databases, is summarized in Fig. 1 . The protocol for this study has not been previously published.
Study selection
All identified studies were title screened to identify studies that appeared to address our study aim. Then, two independent reviewers screened each abstract to determine their eligibility for inclusion using an abstract screening tool developed specifically for this study. Abstracts that were conducted before 1990 were excluded from full-text review. Abstracts that were unclear if they met the inclusion criteria were included for full text review to determine eligibility. A data extraction tool was used to identify the final studies for inclusion in the systematic review and meta-analysis. To be included in the systematic review and meta-analysis, studies had to be written in English, report outcomes for melatonin use to prevent delirium in postoperative hospitalized patients with a mean age of 50 or older, and be published in peer-reviewed journals between January 1990 and October 2017. Additionally, the studies also had to be randomized controlled trials, cohort studies, or case control studies with both a melatonin (or equivalent) group and a comparison group. Inclusion and exclusion criteria are summarized in Fig. 2 .
Data extraction
Data were collected on study characteristics, patient characteristics, and study outcomes using a standardized data extraction tool created specifically for this study. Two independent reviewers extracted data from each study report and brought any discrepancies to the research team for resolution through consensus. Study characteristics included: drugs and dose used in the intervention and comparator groups; study duration; study setting; study design; blinding; reasons for surgery; and concurrent diseases and medications. Patient characteristics included: total number included and analyzed; age; and gender. Study outcomes included the incidence of delirium and duration of delirium (if delirium was experienced by the patient).
Risk of Bias assessment
Risk of bias was assessed using one of two tools depending on the study design. Randomized controlled trials (RCTs) were assessed using the Cochrane risk of bias tool [26] . This tool assessed six bias domains: 1) selection; 2) performance; 3) detection; 4) attrition; 5) reporting; and 6) other bias, which could be reported as having a low, unclear, or high risk of bias [26] . Risk of bias in observational studies was assessed using the Risk of Bias in Non-Randomized Studiesof Interventions (ROBINS-I) assessment tool [27] . This tool assessed seven bias domains: 1) confounding; 2) selection of participants into the study; 3) classification of interventions; 4) deviations from intended interventions; 5) missing data; 6) measurement of outcomes; and 7) selection of the reported result, which could be reported as having a low, moderate, serious, or critical risk of bias [27] . Two investigators independently assessed the risk of bias for each study and scored each domain then met to resolve differences by consensus.
Outcomes
The primary outcome measure was the incidence of delirium in hospitalized, postoperative patients with a mean age of 50 years or greater.
Data analysis
Data were entered into comprehensive meta-analysis (CMA; Version 2, Englewood, NJ: Biostat) software for analysis. Given that some outcomes had a value of zero, the CMA software automatically added 0.05 to all values for computation of the odds ratios and variance. With a narrowly defined population and a small number of studies meeting inclusion criteria, many of which had small sample sizes, the possibility exists that the estimate of between studies variance may be over-or underestimated [28] . For these reasons, it did not seem appropriate to extrapolate the findings beyond the included studies, and thus, a fixed effects meta-analysis was used to generate a forest plot and summary odds ratio for the included studies. Cochran's Q and I 2 values were used to describe heterogeneity between studies. Stratified analyses were conducted to determine if the incidence of delirium was influenced by study design (observational study versus RCT). Upon examining the findings, a further stratified analysis was performed to investigate the influence of the de Jonghe study (de Jonghe study versus others) [29] . A one study removed analysis was also performed to identify any studies that exerted a greater influence on the outcome. A funnel plot and Kendall's tau were used to assess publication bias. The a priori alpha level was 0.05.
Results
Study selection
The search yielded a total of 335 unique records after the removal of duplicates. Of these, 86 abstracts were screened, 25 articles underwent full-text review, and six were included in the systematic review and metaanalysis [29] [30] [31] [32] [33] [34] . The study selection process is described in Fig. 3 [34] .
Characteristics of included studies
Of the six studies included in the study, four were double-blind RCTs [29, [32] [33] [34] and two were observational studies [30, 31] . Four studies involved melatonin [29, 30, 32, 33] while two involved ramelteon [31, 34] , ,with treatment durations ranging from one to nine days.
In the Miyata study, one patient each in the intervention group and control group had a history of delirium [31] , whereas prior delirium was reported in 23.7% of patients in the intervention group and 17.7% of patients in the control group in the de Jonghe study [29] . No patients in the intervention group and one patient in the control group had a history of cognitive impairment in the Miyata study [31] , while 55.9% of patients in the intervention group and 55.2% in the control group previously had cognitive impairment in the de Jonghe study [29] . Home benzodiazepine use was reported in the Miyata study (8.3% of individuals in the intervention group versus 22.4% in the control group) and de Jonghe study (9.7% of individuals in the intervention group versus 17.2% in the control group) [29, 31] . In the study by Sultan, all subjects in the intervention (n = 53) and control (n = 49) groups received spinal anesthesia [33] . Further details of the characteristics of included studies are reported in Table 1 , and outcomes are shown in Table 2 . Figure 4 presents the odds ratios for each study included in the meta-analysis. Odds ratios ranged from 0.19 (95% confidence interval [CI] = 0.01 to 4.21) to 1.23 (95% CI = 0.78 to 1.93) and indicate the odds of a patient experiencing delirium if they took melatonin as a preventive measure compared to placebo/control. For example, the de Jonghe article indicated that patients taking melatonin had an odds ratio of 1.2 (i.e., greater odds) of experiencing delirium compared to those taking placebo, although the remaining studies indicated that patients taking melatonin had lower odds of experiencing delirium compared to placebo [29] . Statistically significant differences were detected between the intervention and control/placebo groups in the studies by Artemiou (p < 0.001) and Sultan (p = 0.006) [30, 33] , but not in the remaining studies (p > 0.05) [29, 31, 32, 34] .
Results of individual studies
Synthesis of results
The summary effect of the six included studies shown in Fig. 4 gives an odds ratio of 0.63 (95% CI = 0.46 to 0.87), indicating that patients taking melatonin had lower odds of experiencing delirium compared to patients taking placebo. There was evidence of publication bias based on visual inspection of the Funnel Plot (Fig. 5) ; however, Kendall's tau was not significant (p = 0.775).
There was evidence of heterogeneity among the data, with a Cochran's Q value of 17.95 (five degrees of freedom; p = 0.003) and an I 2 value of 72.14. Visual inspection of the forest plot indicated differences between the de Jonghe study and other studies, so a stratified analysis of the de Jonghe study versus the remaining studies was conducted. The difference in effect for the de Jonghe study versus other studies was significant (p < 0.001). A stratified analysis was also conducted by study design (RCTs versus observational studies), but this was not found to have a significant impact on the incidence of delirium (p = 0.69).
In the one study removed analysis, exclusion of the de Jonghe study reduced the overall odds ratio to 0.310 (95% CI 0.19 to 0.50), and also reduced the amount of heterogeneity present (Cochran's Q = 0.798, I 2 = 0.000).
Risk of Bias in included studies
The risk of bias assessment is summarized in Table 3 . Of note among the RCTs, attrition bias was considered high in the de Jonghe study, and detection bias was considered high in the Nickkholgh study. Since only an abstract was available for the Yamaguchi article, it was difficult to fully assess the risk of bias; thus, most risk of bias domains were graded as unclear. In both observational studies, bias due to confounding was considered a moderate risk overall [30, 31] , although the Artemiou study used multiple logistic regression to identify independent risk factors for delirium whereas the Miyata study did not. In all other instances the risk of bias was considered low or moderate.
Discussion
Currently, there is a very small body of literature examining the use of melatonin for the prevention of postoperative delirium in older adults. In conjunction with clinician input, the exhaustive literature search was driven by a health sciences librarian who is highly experienced in systematic reviews. While the body of literature is small at this time, the findings of this metaanalysis suggest that perioperative melatonin administration may significantly reduce the incidence of delirium in older adults undergoing surgical proceduresa common, yet detrimental complication of surgery in older adults. The odds ratio was highly sensitive to removal of the one study that did not have results in favor of melatonin reducing risk of delirium, resulting in a reduction of the odds ratio from 0.63 to 0.31, and heterogeneity to zero [29] . One possible explanation for the negative results in this particular study may be due discrepancy among the two study groups related to prior delirium. Even though statistics were not reported for the baseline characteristics, the group receiving melatonin appeared to have a greater percentage of patients with a history of delirium (23.7% versus 17.2% in the placebo group), which is a well-established risk factor for developing delirium [6, 36] . Additionally, the authors of the de Jonghe study noted that there was an increased probability of type 2 error, as they had a large number of patients who were excluded post-randomization (withdrawal of consent, delirium at admission, loss to follow-up, etc.). Only 378 patient data were analyzed, while 444 patients were randomized, increasing risk of attrition bias [29] . While the Kendall's tau coefficient (p = 0.78) is nonsignificant, visual inspection of the funnel plot appeared to indicate publication bias in the present meta-analysis. This is likely due to the small number of studies that were eligible for inclusion in the meta-analysis.
There are currently three sets of clinical guidelines that can be applied to the management of delirium in the inpatient setting: The American Geriatrics Society (AGS) Clinical Practical Guideline for Postoperative Delirium in Older Adults; the Society of Critical Care Medicine Clinical Practice Guideline on Management of Pain, Agitation, and Delirium (PAD) in Adult Patients in Intensive Care Unit; and the American Psychiatric Association (APA) Practice Guideline [37] [38] [39] . None of the three guidelines made recommendations for pharmacological intervention for the prevention of delirium. The AGS guidelines specifically acknowledge melatonin as being an agent considered for the prevention of delirium, but noted that their practice guidelines did not address it due to lack of evidence [37] . The PAD guidelines also state that there is a Fig. 4 Forest plot of melatonin studies for the prevention of delirium in postoperative patients lack of data for an agent that effectively prevents delirium [38] . This meta-analysis has several limitations. First, the few studies that met inclusion criteria were small, and not all met their predefined statistical power [29] . By using a fixed effects model for this narrowly defined population, the findings presented are restricted to the population included in the identified studies and are not generalizable at this time. In addition, many well-known predisposing and precipitating risk factors for delirium were not reported in all studies [40] . For example, time from admission to surgery, body mass index, cognitive impairment, depression, uncontrolled pain, intraoperative blood loss, baseline functional status, and use of medications that could increase delirium risk [6, [40] [41] [42] [43] [44] [45] [46] are all possible risk factors for developing delirium. Thus, it is difficult to assess whether intervention and control groups were at similar baseline risk.
Another limitation is the heterogeneity of included studies with regards to type of surgical procedure and melatonin dosing. Because melatonin is not regulated by the United States Food and Drug Administration, dose standardization is not guaranteed unless the manufacturers voluntarily submit their products for strength and purity testing [47] . Assuming that the doses reported were accurately reflecting the contents of the studied products, one potential explanation for the negative result in the de Jonghe study is that the melatonin dose was lower than the other (3 mg versus 5 mg or more) [29] . Additionally, while the requirement for an average age of 50 years and older increased the number of studies meeting inclusion criteria, it also led to a wide age variability. Given the small number of studies, it is difficult to ascertain whether older age (e.g.: 85 years and older versus 65 and older) had any effect on benefit, though the study with the oldest average age (84.1 and 83.4 in the intervention and control groups, respectively) was the one study that did not show benefit with melatonin [29] . While this study suggests that melatonin may have a protective effect against delirium when used in the individuals included in these studies, optimal dosing and ages at which patients are conferred the greatest benefit have yet to be determined. One of the most prominent sources of variability among included studies was in delirium assessment methods. The Confusion Assessment Method is the current gold standard for delirium assessment, but many studies used alternative tools [48] . One study included delirium as a secondary outcome, and it is unclear from the methodology report whether this was a predetermined endpoint and how regularly potential incidence of delirium was assessed.
Melatonin remains an agent of interest due to is its relatively benign side effect profile. A 2005 systematic review and meta-analysis of ten studies involving 222 patients receiving melatonin for the treatment of primary sleep disorders reported 13 headaches, 10 cases of dizziness, 3 cases of nausea, and 3 cases of drowsiness in the cohort of subjects receiving melatonin [49] . When compared to placebo, the incidence of these events was not statistically significant.
With relatively few side effects and minimal pharmacologic options for the prevention of delirium, melatonin continues to be an agent of interest. While preparing this manuscript, our literature search yielded a 2002 case report of melatonin 2 mg daily used to successfully prevent post-operative delirium in a male patient with a history of delirium undergoing surgery on an infected knee joint [50] . We also identified one published protocol aiming to assess the efficacy of melatonin 3 mg versus placebo daily for the prevention of postoperative delirium in patients aged 50 and older who are undergoing cardiac surgery [51] . Another ongoing study aims to examine the potential benefits of melatonin related to delirium in high-risk palliative oncology inpatients; however, this study is not specific to the surgical population [52] . Future research should re-examine this question when additional, more comprehensive data are available to obtain a more reliable estimate.
Conclusions
Currently, where there is no supported pharmacological intervention to prevent delirium incidence in older surgical patients, this meta-analysis suggests that melatonin may become that first agent. The odds of developing delirium in patients who received melatonin agonists perioperatively were 37% less (p = 0.006) than those who received placebo or no treatment at all. Although optimal dosing remains an unanswered question, the potential benefit, low cost, and benign side effect profile, make melatonin an attractive option to use in older adults undergoing surgical procedures to reduce delirium incidence. 
